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ABSTRACT 29 
 30 
Background: High field intraoperative MRI (ioMRI) is becoming increasingly available in 31 
neurosurgery centers, where it has to be combined with intraoperative neurophysiological 32 
monitoring (IONM). IONM needle electrodes remain on the patient during ioMRI and may 33 
cause image distortions and burns.  34 
 35 
Objective: We tested MR-heating experimentally and investigated the prevalence of 36 
complications. 37 
 38 
Methods: We studied electrodes that are certified for IONM, but not “MR conditional”. They 39 
consist of copper cables (length 1.5 m) and needles made of either stainless steel 40 
(ferromagnetic) or Pt/Ir (paramagnetic). We simulated an ioMRI session with gel and 41 
measured the temperature increase with optical fibers. We measured the force an electrode 42 
experiences in the magnetic field. We prospectively documented subcutaneous needle 43 
electrodes between 2013-2016 that remained on the patient during intraoperative 3 Tesla 44 
ioMRI scans. 45 
 46 
Results:  The in-vitro testing of the electrodes produced a maximum heating ΔT = 3.9°C and 47 
force of 0.026 N. We placed 1237 subcutaneous needles in 57 surgical procedures with 48 
combined IONM and ioMRI, where needles remained placed during ioMRI. One patient 49 
suffered from a skin burn at the shoulder. All other electrodes had no side effects.  50 
 51 
Conclusions:  We have corroborated the history of safe use for electrodes with 1.5 m cable in 52 
a 3T MR scanner and demonstrate their use. Nevertheless, heating cannot be excluded, as it 53 
depends on location and cable placement. When leaving electrodes in place during ioMRI, 54 
risks and benefits have to be carefully evaluated for each patient. 55 
 56 
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1. INTRODUCTION 64 
In tumor neurosurgery, minimizing residual tumor mass prolongs overall survival of the 65 
patient (1). Intraoperative imaging techniques are constantly expanded to minimize tumor 66 
remnants left unresected. While 5-ALA (2) and ultrasound (3) are easily available, high-field 67 
intraoperative MRI (ioMRI) is not yet widespread. For maximal safe resection in the vicinity 68 
of eloquent areas, intraoperative neurophysiological monitoring (IONM) has been 69 
continuously advanced (4-7). There are fewer severe neurological deficits and more extensive 70 
resections within eloquent regions when IONM is used (5). IONM of the motor system 71 
involves the placement of subcutaneous needle electrodes in or near the muscles of interest. 72 
Electrodes remaining on the patient during ioMRI scans may lead to image distortions and 73 
tissue heating under certain conditions, which may also occur in concurrent EEG and MRI (8-74 
12). These effects depend strongly on needle shape and material, on needle location and 75 
direction, magnet strength, imaging sequence and the length and layout of the electrode cables 76 
(9, 11-15). There are no IONM electrodes with label «MR conditional» and usage of IONM 77 
electrodes during ioMRI is always «off-label». In a previous publication we have shown that 78 
needle electrodes made from a paramagnetic material like Pt/Ir cause less image distortion in 79 
a 3T MRI than ferromagnetic stainless steel needles (8). To contribute to a «history of safe 80 
use» of needle electrodes in ioMRI, we conducted in-vitro tests of force and RF heating, and 81 
investigated the prevalence of complications. 82 
 83 
 84 
 85 
 86 
2. PATIENTS AND METHODS 87 
2.1. Subcutaneous needle electrodes 88 
 Scalp electrodes for EEG and TES consisted of platinum/iridium alloy (paramagnetic 89 
Pt/Ir 0.4 x 12 mm straight needles, diamagnetic copper cable length 1.5 m, www.inomed.com, 90 
part 529500). If needed, we fixated the Pt/Ir electrodes with skin staplers (ferromagnetic 91 
stainless steel, Appose ULC auto suture 35 W, Covidien, www.medtronic.com). To record 92 
muscle activity, we used twisted-pair non-insulated straight needle electrodes placed 93 
subcutaneously (ferromagnetic stainless steel, 0.4 x 12 mm, Neuroline twisted pair, copper 94 
cable length 1.5 m, www.ambu.com, Figure 1). Impedance was typically below 5 kΩ.  95 
 96 
2.2 In-vitro test of RF heating during 3T MR imaging 97 
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To test possible heating of electrodes during MR imaging, we set up an experiment in 98 
the 3T MR scanner (Figure 2). The experiment was conducted following the guideline ASTM 99 
Standard F2182-11A “Test Method for Measurement of Radio Frequency Induced Heating 100 
On or Near Passive Implants During Magnetic Resonance Imaging” (14). While the test 101 
standard was developed for passive implants completely inside the body, we here adapted it 102 
for our electrodes. We tested the twisted pair electrode (Figure 1). We fixed the temperature 103 
sensor fiberoptic Neoptix® to the electrode tip. We first applied the MR sequence T2 turbo 104 
spin echo in transverse axis with 49% predicted head-SAR (1.5 W/kg) to replicate the 105 
condition during surgery. We then modified the T2 sequence to 99% predicted head-SAR (3.2 106 
W/kg) to enlarge the energy deposition and temperature increase. 107 
 108 
2.3 In-vitro test of magnetic force in the 3T MR scanner 109 
We measured the deflection of the electrode at the location of the highest magnetic 110 
field gradient and calculated the magnetic force on the needle.  111 
 112 
2.4. Patient selection 113 
 The study was performed prospectively in all consecutive patients who received 114 
IONM during surgery and where subcutaneous needle electrodes were left on the patient 115 
during ioMRI between 01/2013 and 02/2016. The study was approved by the IRB (KEK-ZH 116 
2012-0212) and informed consent was waived. We included a total of 57 surgical procedures 117 
in 42 adult patients (11 females, mean age 46 y, range 18 y - 73 y) and in 15 children under 18 118 
years (4 females, mean age 8 y, range 18 mo - 14 y). Diagnoses were: astrocytoma (23), 119 
glioblastoma (12), oligodendroglioma (8), ependymoma (2), epidermoid cysts (2), pituitary 120 
adenoma (2), STA-MCA bypass (2), and one patient each with medulloblastoma, 121 
chondrosarkoma, Rathke's cleft cyst, cervical schwannoma, giant aneurysm or cavernoma. In 122 
a prior study (8) we reported on the first 13 patients of the current study and image distortions 123 
for 3 needle types. We now report on more patients, include new analyses of electrode 124 
numbers, in-vitro testing of heating and force, and an adverse event. 125 
  126 
2.5. Anesthesia management 127 
 Following the standard protocol for neurosurgical interventions, anesthesia was 128 
induced with intravenous application of Propofol (1.5 - 2 mg/kg) and Fentanyl (2-3 µg/kg); 129 
the intratracheal intubation was facilitated by Atracurium (0.5 mg/kg). Anesthesia was 130 
maintained with Propofol (5-10 mg/kg/h) and Remifentanil (0.1-2 µg/kg/min).  131 
5 
 
 132 
2.6. Modalities of IONM and sites for recording muscle activity 133 
 In the series of surgeries presented here, the modalities of IONM included free-134 
running electromyogram (EMG), sensory evoked potentials (SEP) from the median nerve and 135 
motor evoked potentials (MEP). For MEP, we recorded muscle activity from thenar muscles 136 
and the abductor digiti minimi muscle of the hand and, if necessary, the flexor hallucis brevis 137 
muscle. Among cranial nerve (CN) target muscles we recorded from superior rectus muscle 138 
for CN3, the superior oblique muscle for CN4, the masseter muscle for CN5, the lateral rectus 139 
muscle for CN6, orbicularis oculi muscle, orbicularis oris muscle, and mentalis muscle for 140 
CN7, the soft palate for CN9 and the genioglossus muscle for CN12. Target muscles were 141 
chosen to meet the monitoring modalities required by the surgeons (LR, OB) and electrodes 142 
were placed by the IONM staff. 143 
 144 
2.7. Intraoperative 3T MR imaging (ioMRI) 145 
 When positioning the patient, the head was fixed in a Noras OR Head Holder (part 146 
number 112685, www.noras.de). When preparing for intraoperative 3T MR imaging, we 147 
followed our standard operating procedures: We placed sterile sheets over the wound, 148 
attached the upper part of the head coil, disconnected all cables from the monitoring device, 149 
and assured that cables had no direct skin contact and that cables were aligned in parallel to 150 
the main magnetic field to minimize electric current induction by the radio frequency (RF) 151 
field (Figure 3). 152 
The patient was then transferred to a room adjacent to the surgery theatre and shifted into the 153 
bore of the MR (3T Siemens Magneton). In the MRI head scans described in this study, the 154 
region of the RF transmit coil included the patient down to the chest. Recording time summed 155 
up to about 35 minutes (Table 1). Recording sequences with the highest specific absorption 156 
rate (SAR) were T2 scans with SAR = 1.52 W/kg). Together with preparation and transfers 157 
this added about 1 hour to the total duration of surgery. After surgery, the site of each 158 
electrode was examined visually for skin irritations (JS, LR, OB). 159 
 160 
2.8 Statistical methods 161 
We used descriptive statistics only.  162 
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3. RESULTS  163 
3.1 In-vitro testing of RF-heating 164 
Within the limits of our standard operating procedures for surgery, we tested several 165 
geometric configurations of the needle position and cable alignment and present here the 166 
worst-case scenario (Figure 2A). With the MR sequence in clinical use (SAR = 1.52 W/kg), 167 
heating did not exceed ΔT = 0.7°C in our experiment. Next, we increased the RF field 168 
resulting in SAR=3.2 W/kg and explored several variations of the electrode setup. For one 169 
setup, the twisted pair electrode with 1.5 m cable was heated by ΔT =3.9°C (Figure 2B).  170 
 171 
3.2 In-vitro testing of the magnetic force on the ferromagnetic needle 172 
 At the location of the highest magnetic field gradient (30 T/m), the ferromagnetic 173 
needle was deflected by 15° from the vertical. The weight of the needle was 2.6g. The force 174 
exerted by the magnetic field amounted to 0.026 N.  175 
 176 
3.3. Number and types of electrodes left in ioMRI 177 
We placed a total of 1093 electrodes in 57 surgeries. Of these, 301 were Pt/Ir 178 
electrodes for EEG and TES placed on the scalp. 246 were stainless steel electrodes placed 179 
above the chest to record muscle activity and for electrical grounding. Target muscles of CN3 180 
were recorded in 1 surgery, CN4 in 2, CN5 in 1, CN6 in 14, CN7 in 34, CN9 in 5, CN11 in 1, 181 
CN12 in 10. The other 690 electrodes were placed below the chest to record muscle activity 182 
and to stimulate median and tibial nerves for sensory evoked potentials. The electrodes were 183 
left on the patient during ioMR imaging.  184 
 185 
3.4. Occurrence of an adverse event 186 
There were no adverse events for the ferromagnetic twisted pair stainless steel needles. There 187 
was one adverse event for the paramagnetic Pt/Ir needle, where a skin burn (first degree) was 188 
observed postsurgically at the site of the ground electrode at the shoulder (Figure 4). The site 189 
of the skin burn lets us assume that it was most likely caused by heating of the electrode tip. 190 
The electrode was a Pt/Ir needle with a 1.5 m copper cable. The lesion healed within 7 days 191 
without scarring. 192 
 193 
3.5. Image distortion by skin staplers fixating Pt/Ir needles  194 
In all surgeries we observed localized image distortions on the skin at the needle sites, 195 
which also slightly affected the image of the adjacent skull (Figure 5). The distortions were 196 
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due to the ferromagnetic skin staples. This kind of distortion did neither affect the course of 197 
surgery nor disrupt neuro-radiological diagnostics and was therefore not investigated further.  198 
 199 
4. DISCUSSION 200 
In this study we describe in-vitro testing of force and heating in MRI and a series of 57 201 
procedures where IONM electrodes were left on the patient during ioMRI. For these 1.5 m 202 
cable electrodes, the prevalence of adverse events was in the ‰ range (1/1093). 203 
 204 
4.1 Force on ferromagnetic needle electrodes  205 
The stainless steel needles used for IONM are very small and lightweight. Our in-vitro 206 
measurement of the force in a worst-case scenario resulted in a small force (0.026 N), which 207 
is easily absorbed by the adhesive strips used for fixation. This is in line with our 208 
intraoperative observation, that none of the patients suffered from skin problems due to 209 
electrode movement. 210 
 211 
4.2. Heating in ioMRI 212 
In general, heating due to the RF field can occur (9, 13). In agreement with the 213 
literature (12), the adverse event due to heating in the RF field was irrespective of the 214 
electrode material used. However, heating depended strongly on cable length and on the 215 
geometrical alignment of the cable (Figure 2).  216 
In our case with the skin burn (Figure 4), the electrode was placed in the shoulder 217 
region. This electrode was outside the head coil, but still partially inside the RF body coil 218 
which is responsible for the heating effects. With an electrode on the shoulder the cables may 219 
be even nearer to the rods and end ring of the body coil, compared to cables coming from the 220 
face, where the shorter part of the cable inside the body coil may be compensated by the 221 
stronger E-fields near the RF body coil. No RF heating can be expected for electrodes which 222 
are placed below the chest because there the electrical field of the RF body coil is strongly 223 
reduced. 224 
 225 
4.3 General considerations and recommendations 226 
Leaving IONM subcutaneous needles on the patient during ioMRI can be acceptable 227 
despite the lack of IONM needles labelled “MR conditional”. Even though we could not show 228 
any heating >3.9°C after 15 min, this does not exclude the possibility of much higher heating. 229 
Local SAR variation on the surface of the patient may further influence the results (15). 230 
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Clearly, MR sequences with lower SAR bear smaller risks of burns. If IONM electrodes are 231 
used within the RF body coil or in the near neighborhood, the potential risk of RF heating 232 
must be taken into account and the medical benefit must outweight the risk. 233 
During surgery, clear guidelines were followed to reduce the potential risk of RF 234 
heating (Figure 3, Table 2): it was assured that cables had no direct skin contact (isolation 235 
should be at least 1 cm); that cables were aligned in parallel to the main magnetic field; that 236 
cables of multiple electrodes did not cross each other; and that the connectors were isolated 237 
against each other and against the skin (to avoid nerve stimulations from the gradient).  238 
Contrary to popular belief, heating can occur with both ferromagnetic and diamagnetic 239 
materials, since heating is due to the electric conductivity of the needle and cable, which is 240 
high for stainless steel and Pt/Ir compared to the tissue conductivity. Paramagnetic materials 241 
like Pt/Ir are preferred on the scalp where image distortions may be critical for surgical 242 
planning.  243 
If the exact placement site is not critical, like for a ground electrode, the RF region of 244 
the transmit coil should be avoided, i.e. the needle should be placed below the chest or in case 245 
of smaller children at least 0.5 m out of the isocenter (Figure 3). Likewise, it should be 246 
preferred to place needles in well-perfused tissue. 247 
One could consider removing IONM electrodes before ioMRI. However, IONM is 248 
most important for a safe surgery at the final stage of resection, which will be after ioMRI in 249 
critical cases. To benefit from IONM at the final stage, one would have to re-install IONM 250 
needles after ioMRI, which is prevented by sterility requirements.  251 
Improved IONM needles would reduce RF heating with cable traps or with filters just 252 
behind the needle (9, 10), e.g. by a resistor in the handpiece of the electrode. Alternatively, a 253 
short cable - with the connector only a few cm from the needle - would also reduce RF 254 
heating. It would be welcome if “MR conditional” electrodes were developed for IONM.  255 
 256 
4.4 Limitations of the study 257 
The in-vitro test of electrode heating did not achieve a relevant temperature increase 258 
for the MR sequence in clinical use. But we could show that with modification of cable 259 
placement, RF heating effects can strongly increase. It cannot be excluded that configurations 260 
which are within the local guidelines for cable placement will reach similar heating.  261 
All findings were obtained for a 3T scanner and may not be applicable for units with 262 
lower or higher fields.   263 
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5. CONCLUSIONS 264 
We have corroborated the history of safe use for electrodes with 1.5 m cable in a 3T scanner. 265 
Nevertheless, heating cannot be excluded, as it depends on location and cable placement. 266 
When leaving electrodes in place during ioMRI, risks and benefits have to be carefully 267 
evaluated for each patient.  268 
 269 
6. FIGURE LEGENDS 270 
Figure 1. Tip of twisted pair stainless steel electrode. The Pt/Ir electrode has the same shape 271 
but is not paired. 272 
 273 
Figure 2. In-vitro testing of RF heating. (A) Experimental setup. An electrode tip of the 274 
twisted pair electrode with 1.5 m cable (red-black) was attached to a temperature sensor 275 
Fiberoptic (yellow, Neoptix®). A plastic jar (volume 1.5 l) was filled with a convection-free 276 
gel and placed in the receive head coil. The needle of the electrode was placed in the gel and 277 
the cables were aligned in parallel to the axis of the bore. An additional temperature sensor 278 
was placed directly in the gel as a reference. (B) Temperature measurement. During the MR 279 
sequence with SAR = 1.5 W/kg there was no discernible temperature increase. During the MR 280 
sequence with SAR = 3.2 W/kg, the temperature at the electrode tip (red curve) increased but 281 
not at the reference sensor (blue curve). After 853 sec (14 min) the tip had reached a heating 282 
of ΔT = 3.9°C. The heating depended strongly on the geometry of the cable and we present 283 
here the worst-case scenario. With the MR sequence in clinical use (SAR=1.52 W/kg), 284 
heating did not exceed ΔT = 0.7°C in our in-vitro testing. 285 
 286 
Figure 3. Position of electrodes and their cables during ioMRI recordings. All cables were 287 
aligned in parallel to the main magnetic field. Gauze pads were used to assure that cables had 288 
no direct skin contact. 289 
 290 
Figure 4. First degree skin burn (arrow) at the electrode site on the patient’s shoulder (male, 291 
12y), depicted after removal of the electrode. 292 
 293 
Figure 5. Intraoperative MR image (coronal plane, male, 5y).  294 
Image distortion on the skull from skin staplers, which fixate Pt/Ir electrodes at sites C3, Cz, 295 
C4 (top arrows). No electrode movement, no skin irritation and no heating were observed at 296 
these sites. The site of image distortion is far from the lesion (bottom arrow).  297 
10 
 
7. REFERENCES 298 
1. Kreth FW, Thon N, Simon M, Westphal M, Schackert G, Nikkhah G, Hentschel B, 299 
Reifenberger G, Pietsch T, Weller M, Tonn JC, Network GG. Gross total but not incomplete 300 
resection of glioblastoma prolongs survival in the era of radiochemotherapy. Ann Oncol. 301 
24(12):3117-3123 2013. DOI:10.1093/annonc/mdt388 302 
2. Stummer W, Tonn JC, Mehdorn HM, Nestler U, Franz K, Goetz C, Bink A, Pichlmeier U, 303 
Group A-GS. Counterbalancing risks and gains from extended resections in malignant glioma 304 
surgery: a supplemental analysis from the randomized 5-aminolevulinic acid glioma resection 305 
study. Clinical article. J Neurosurg. 114(3):613-623 2011. DOI:10.3171/2010.3.JNS097 306 
3. Bozinov O, Burkhardt JK. Intra-operative computed-tomography-like real-time three-307 
dimensional ultrasound in neurosurgery. World Neurosurg. 78(1-2):5-7 2012. 308 
DOI:10.1016/j.wneu.2012.05.025 309 
4. Nuwer MR, ed Intraoperative Monitoring of Neural Function. Amsterdam: Elsevier; 2008. 310 
Daube JR, Mauguière F, eds. Handbook of Clinical Neurphysiology; No. 8. 311 
5. De Witt Hamer PC, Robles SG, Zwinderman AH, Duffau H, Berger MS. Impact of 312 
intraoperative stimulation brain mapping on glioma surgery outcome: a meta-analysis. J Clin 313 
Oncol. 30(20):2559-2565 2012. DOI:10.1200/JCO.2011.38.4818 314 
6. Sarnthein J, Krayenbühl N, Actor B, Bozinov O, Bernays R. [Intraoperative neurophysiological 315 
monitoring improves outcome in neurosurgery]. Praxis. 101(2):99-105 2012. 316 
DOI:10.1024/1661-8157/a000817 317 
7. Legatt AD, Emerson RG, Epstein CM, MacDonald DB, Deletis V, Bravo RJ, Lopez JR. ACNS 318 
Guideline: Transcranial Electrical Stimulation Motor Evoked Potential (TES-MEP) Monitoring. 319 
J Clin Neurophysiol.  2015. DOI:10.1097/WNP.0000000000000253 320 
8. Cornaz F, Neidert MC, Piccirelli M, Bozinov O, Regli L, Sarnthein J. Compatibility of 321 
intraoperative 3T MR imaging and intraoperative neurophysiological monitoring. Clin 322 
Neurophysiol.  2014. DOI:10.1016/j.clinph.2014.04.018 323 
9. Laufs H. A personalized history of EEG-fMRI integration. Neuroimage. 62(2):1056-1067 2012. 324 
DOI:10.1016/j.neuroimage.2012.01.039 325 
10. Nöth U, Laufs H, Stoermer R, Deichmann R. Simultaneous electroencephalography-functional 326 
MRI at 3 T: an analysis of safety risks imposed by performing anatomical reference scans with 327 
the EEG equipment in place. J Magn Reson Imaging. 35(3):561-571 2012. 328 
DOI:10.1002/jmri.22843 329 
11. Szelenyi A, Gasser T, Seifert V. Intraoperative neurophysiological monitoring in an open low-330 
field magnetic resonance imaging system: clinical experience and technical considerations. 331 
Neurosurgery. 63(4 Suppl 2):268-275; 332 
12. Bhavaraju NC, Nagaraddi V, Chetlapalli SR, Osorio I. Electrical and thermal behavior of non-333 
ferrous noble metal electrodes exposed to MRI fields. Magn Reson Imaging. 20(4):351-357 334 
2002. DOI: 335 
13. Konings MK, Bartels LW, Smits HF, Bakker CJ. Heating around intravascular guidewires by 336 
resonating RF waves. J Magn Reson Imaging. 12(1):79-85 2000. DOI: 337 
14. ASTM. Standard Test Method for Measurement of Radio Frequency Induced Heating On or 338 
Near Passive Implants During Magnetic Resonance Imaging. Vol F2182-11a. West 339 
Conshohocken, PA: ASTM International; 2011. 340 
15. Massire A, Cloos MA, Luong M, Amadon A, Vignaud A, Wiggins CJ, Boulant N. Thermal 341 
simulations in the human head for high field MRI using parallel transmission. J Magn Reson 342 
Imaging. 35(6):1312-1321 2012. DOI:10.1002/jmri.23542 343 
 344 
Figure 1
Click here to download high resolution image
Figure 2 a
Click here to download high resolution image
0 100 200 300 400 500 600 700 800 900
0
1
2
3
4
5
Time [s]
H
ea
tin
g 
∆T
 [°
C]
Figure 2 b
Click here to download Figure(s): Fig2B Heizkurve.eps
Figure 3
Click here to download high resolution image
Figure 4
Click here to download high resolution image
Figure 5
Click here to download high resolution image
